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samples. Using a HRTEM and high-angle annular dark-field 
scanning TEM methods combined with energy-dispersive 
X-ray spectroscopy, we identified remnants of ilmenite lamel-
lae in the vicinity of rutile exsolutions, which were an impor-
tant indication of the high-T formation of the primary fer-
rian–ilmenite crystals. Another type of exsolution process was 
observed in rutile crystals, where hematite precipitates topo-
taxially exsolved from Fe-rich parts of rutile through inter-
mediate Guinier–Preston zones, characterized by tripling the 
{101} rutile reflections. Unlike rutile exsolutions in hematite, 
hematite exsolutions in rutile form {301}R|{030}H equilibrium 
interfaces. The overall composition of our samples indicates 
that the ratio between ilmenite and hematite in parent ferrian–
ilmenite crystals was close to Ilm67Hem33, typical for Fe–Ti-
rich differentiates of mafic magma. The presence of ilmenite 
lamellae indicates that the primary solid solution passed the 
miscibility gap at ~900 °C. Subsequent exsolution processes 
were triggered by surface oxidation of ferrous iron and remo-
bilization of cations within the common oxygen sublattice. 
Based on nanostructural analysis of the samples, we identi-
fied three successive exsolution processes: (1) exsolution of 
ilmenite lamellae from the primary ferrian–ilmenite crystals, 
(2) exsolution of rutile lamellae from ilmenite and (3) exsolu-
tion of hematite precipitates from Fe-rich rutile lamellae. All 
observed topotaxial reactions appear to be a combined func-
tion of temperature and oxygen fugacity, fO2.
Keywords Ilmenite · Hematite · Rutile · Topotaxy ·  
Exsolution · Intergrowth · Geothermometer
Introduction
Various intergrowths of rutile with structurally related min-
erals are known in nature. They are found in igneous and 
Abstract Oriented rutile/hematite intergrowths from 
Mwinilunga in Zambia were investigated by electron micros-
copy methods in order to resolve the complex sequence of 
topotaxial reactions. The specimens are composed of up 
to several-centimeter-large euhedral hematite crystals cov-
ered by epitaxially grown reticulated rutile networks. Fol-
lowing a top-down analytical approach, the samples were 
studied from their macroscopic crystallographic features 
down to subnanometer-scale analysis of phase composi-
tions and occurring interfaces. Already, a simple morpho-
logical analysis indicates that rutile and hematite are met near 
the �010�R{101}R||�001�H{110}H orientation relationship. 
However, a more detailed structural analysis of rutile/hema-
tite interfaces using electron diffraction and high-resolution 
transmission electron microscopy (HRTEM) has shown that 
the actual relationship between the rutile and hosting hema-
tite is in fact �010�R{401}R||�001�H{170}H. The intergrowth 
is dictated by the formation of {170}H |{401}R equilibrium 
interfaces leading to 12 possible directions of rutile exsolu-
tion within a hematite matrix and 144 different incidences 
between the intergrown rutile crystals. Analyzing the poten-
tial rutile–rutile interfaces, these could be classified into four 
classes: (1) non-crystallographic contacts at 60° and 120°, (2) 
{101} twins with incidence angles of 114.44° and their com-
plementaries at 65.56°, (3) {301} twins at 54.44° with com-
plementaries at 125.56° and (4) low-angle tilt boundaries at 
174.44° and 5.56°. Except for non-crystallographic contacts, 
all other rutile–rutile interfaces were confirmed in Mwinilunga 
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metamorphic rocks (Force et al. 1996) and form either as a 
result of topotaxial replacement reactions through decom-
position of Ti-rich minerals or by epitaxial growth of rutile 
on structurally related mineral precursors. Out of these, the 
most spectacular are rutile/hematite overgrowths, forming 
splendid, up to several-centimeter-large crystals clusters, 
mutually linked through well-defined orientation rela-
tionships (Armbruster 1981). The final product of these 
replacement processes is rutile forming reticulated sagen-
ite networks where individual crystals are interconnected 
through complex crystallographic laws.
The most common precursors for the rutile/hematite 
intergrowths are members of the ilmenite–hematite tie-line 
in FeO–TiO2–Fe2O3 ternary system. The phase composi-
tion in this system depends on the Fe–Ti ratio, temperature 
and oxygen fugacity, fO2, while the effect of pressure is less 
important (Buddington and Lindsley 1964; Lindh 1972). At 
the elevated temperatures, the compounds on the rhombo-
hedral (ilm–hem) tie-line form a complete solid solution, 
while at lower temperatures they become immiscible, and 
depending on the amount of Fe3+, they separate into exso-
lutions of hematite in ilmenite host or ilmenite in hematite 
host (Lindsley 1973; Ghiorso 1990; Lindsley 1991; McEn-
roe et al. 2005). In nature, there are many examples of 
lamellar intergrowths of hematite and ilmenite from micro-
scopic grains in igneous and metamorphic rocks to large 
macroscopic crystals in pegmatite differentiates of mafic to 
ultramafic magmas (Ramdohr 1969; Haggerty 1971). On 
cooling, the activity of oxygen is increased and ilmenite 
may oxidize to hematite and rutile (Carmichael and Nich-
ols 1967; Zhao et al. 1999). Understanding the transient 
stages of phase transformations in this system is important 
in geothermometry research (Burton 1985; Harrison et al. 
2000; Meinhold 2010).
The formation of oriented intergrowths is commonly 
explained by topotaxial transformation of the precursor 
phase into reaction products along specific crystallographic 
orientations (Dent Glasser et al. 1962). Such reactions can 
only occur among structurally related minerals, such as 
hematite, ilmenite and rutile. These minerals are related 
through a common hexagonal close-packed (hcp) oxygen 
sublattice that extends along the basal planes of the corun-
dum-type structure (e.g., hematite, ilmenite) and a or b 
planes of rutile. In rhombohedral ilmenite (R3¯) and hema-
tite (R3¯c), the arrays of oxygen atoms in basal planes inter-
sect at 60°, whereas in rutile structure they are regularly 
spaced along the c direction and slightly compressed along 
a and b directions. This gives rise to tetragonal distortion of 
the rutile’s oxygen sublattice yielding the angles of 57.22° 
between 〈101〉 and 〈001〉, and 65.56° between 〈101〉 and 〈
1¯01
〉
. This deviation from an ideal hexagonal packing of 
oxygen atoms has an important influence on the rutile exso-
lution mechanisms and is the main reason for generation of 
crystallographically different intergrowths. Studying mor-
phological characteristics of rutile intergrowths with dif-
ferent structurally related oxides, Armbruster (1981) also 
described two possible orientation relationships (ORs) of 
rutile with the corundum-type structure. Figure 1 shows 
the two ORs, where three equivalent 〈210〉H oxygen arrays 
are aligned either parallel to 〈001〉R (Fig. 1a) or one of the 
〈101〉R (Fig. 1b) axes of rutile (laws IV and V; Armbruster 
1981):
OR-1 is the most simple of the two laws. Rutile exsolu-
tions according to this law intersect simply at 60° or 120°. 
These angles, however, produce non-crystallographic junc-
tions between the rutile crystals. Crystallographic relations 
between the rutile crystals exsoluted following OR-2, on 
the other hand, are more complex, but form well-defined 
crystallographic junctions corresponding to known spe-
cial boundaries in rutile; e.g., 54.4° for {301} twin and 
114.4° for {101} twin. Armbruster (1981) described sev-
eral examples of intergrowths as observed on natural as 
well as synthetic rutile crystals. Depending on the forma-
tion conditions (p − T, geochemical environment), they 
follow either of the two laws. Force et al. (1996) reported 
OR-1 when describing the exsolutions of rutile in ilmenite, 
while crystallographic junctions corresponding to OR-2 
are formed exclusively by growth twinning. They also 
suggested that the angles between the rutile domains can 
be used as the criterion to distinguish between topotaxial 
transformations and growth twinning in rutile. Recent 
investigations of {101} and {301} rutile twins from Dia-
mantina in Brazil revealed that they also form by topotax-
ial replacement of Al-rich Fe–Ti oxyhydroxide precursors 
with the tivanite-type structure (Daneu et al. 2007, 2014). 
It has been demonstrated that topotaxial reactions result in 
the formation of well-defined crystallographic junctions 
between the rutile domains according to OR-2, forming 
complex sagenite intergrowths. The twin boundaries were 
shown to accommodate remnants of dehydrated precur-
sors, i.e., precipitates of corundum on (101) twin bounda-
ries and few nanometer-thick lamellae of Al-rich ilmenite 
on (301) twin boundaries.
In the majority of previous works on mineralogical sam-
ples, determination of OR between the rutile and the pre-
cursor minerals relies upon morphology and macroscopic 
features, such as the angles between the adjacent rutile 
domains (Ramdohr 1969; Armbruster 1981; Force et al. 
1996). If the angles are measured by non-crystallographic 
means (from micrographs), their determination may vary in 
excess of 2.78°, which is the angle that allows to differenti-
ate the two ORs along the threefold c-axis of the host. This 
(1)OR-1: �001�R {010}R||�210�H{001}H
(2)OR-2: �101�R{010}R||�210�H{001}H
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appears to be the main reason for the conflicting reports on 
actual ORs in minerals (Force et al. 1996). TEM investiga-
tions of hematite exsolution from Fe-rich rutile have shown 
that their OR strongly depends on the formation condi-
tions (Putnis 1978). Minimization of interfacial energy at 
the given formation condition was proposed as the main 
mechanism for establishing a particular OR (Hwang et al. 
2010) and could be held responsible for different ORs that 
were observed on rutile/hematite intergrowths (Armbruster 
1981).
In our work, we studied oriented rutile/hematite inter-
growths from Mwinilunga in Zambia. The specimens occur 
in form of large hematite crystals covered by well-crystal-
lized rutiles frequently displaying {101} twin junctions on 
their surface. The specimens from this locality show com-
plex crystallographic dependencies between the overgrown 
rutiles and the still existing hematite matrix. They were 
selected for studying the initial stages of topotaxial reac-
tions, which are usually not preserved at other localities 
where only sagenitic rutile remains as the end product of 
the transformation processes. The main tool for our inves-
tigation is methods of transmission electron microscopy 
(TEM), which allow reliable determination of ORs and 
study transient processes, frozen in the hosting structure at 
the subnanometer scale. Chemical and structural informa-
tion will be used to reconstruct the formation of oriented 
rutile/hematite intergrowths.
Specimen description
Rutile/hematite intergrowths originating from Mwinilunga 
area in NW Zambia occur in impressive clusters composed 
of several-centimeter-large tabular hematite crystals with 
up to few millimeters large deep-red rutiles perched on 
their basal surfaces. Already, a simple visual inspection of 
glittering rutile faces reveals that the rutiles are in a well-
defined crystallographic relation with the parent hematite 
crystal. Orientation relationships between rutile and hema-
tite are shown in Fig. 2.
The most prominent feature of rutiles is their jagged 
appearance parallel to crystallographic c-axes, which results 
from alternation of rutile’s prism faces. This alternation 
makes fine-structural features between the rutile crystals 
clearly visible. Rutiles grown on the basal surfaces of hem-
atite crystals display complex knee twinning produced by 
combinations of {101} (Daneu et al. 2014) and {301} twins 
(Daneu et al. 2007). The twin boundaries are easily identified 
by characteristic angles between the crystallographic c-axes 
(114.7 and 54.7°, respectively). These angles can be meas-
ured only when the twinned crystals are oriented exactly 
along their b-axis, and this condition is met when the par-
ent hematite is viewed from the top, i.e., along its c-axis. 
This rule appears to hold for all rutile crystals. In addition 
to twin relations other, yet unknown, intergrowth structures 
































































Fig. 1  Schematic presentation of two orientation relationships (ORs) 
between hematite (black) and rutile (red), according to Armbruster 
(1981). a In rutile exsolutions following the OR-1, the c-axes of rutile 
crystals 〈001〉 are parallel to the 〈210〉 directions of hematite resulting 
in three orientations of rutile, intersected at 60°. b In OR-2, however, 
the 〈101〉 directions in rutile are brought parallel to the 〈210〉 direc-
tions of hematite, and consequently, the c-axes of rutiles are mis-
aligned for 2.78° away from 〈210〉-type directions of hematite. Rutiles 
exsolved according to this law exhibit different crystallographic 
junctions, listed in Table 1, among which the well-known {101} and 
{301} twin boundaries are commonly observed
 Contrib Mineral Petrol (2015) 169:19
1 3
19 Page 4 of 22
are grown in some salient topotaxial connectivity dictated by 
hosting hematite. The morphology of hematite is helpful to 
resolve these crystallographic relations. While the c-axes of 
rutile crystals are tilted for ~3° from the edges of the par-
ent hematite, we will observe that {101} twin boundaries of 
rutile are oriented exactly perpendicular to the {100}H planes 
of hematite, visible as grooves, resulting from alternation of 
{101}H with {001}H planes. Crystallographic relation based 
on macroscopic features of rutile/hematite intergrowths cor-
responds to OR-2, written in terms of 〈001〉H projection, 
more suitable for our crystallographic analysis:
More strictly, this general relation holds for three 
exclusive conditions: (a) �010�R{101}R||[001]H(110)H ,
(b)�010�R{101}R||[001]H (12¯0)H, and (c) �010�R{101}R||
[001]H (2¯10)H. Namely, the four {101}R planes of the first 
set of rutile orientations that are bound to a chosen (110)H 
plane in OR-2a are at the same time not parallel to (12¯
0)H and (2¯10)H planes from relations OR-2b and OR-2c, 
(3)OR-2: �010�R{101}R||�001�H{110}H
respectively. This sums up to 12 unique in-plane orienta-
tions (i.e., six ± c-axis pairs) of rutile crystals on hematite, 
indicated by the thin red lines in the top-view illustration 
of Fig. 2. It is quite interesting that the c-axes of rutiles do 
not match any low-index direction of the parent hematite 
crystal, and yet, the two minerals are found in such a well-
defined orientation relationship. In the following, micros-
copy methods are used to determine the exact structural 
relations brought by topotaxial growth of rutile on hematite.
Analytical methods
To resolve complex crystallographic relations, the samples 
were studied in two orientations, in-plane (001)H and per-
pendicular (100)H, by optical, scanning (SEM) and trans-
mission electron microscopy (TEM) methods combined 
with energy-dispersive X-ray spectroscopy (EDS). Phase 
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Fig. 2  Oriented overgrowth of rutile on hematite crystal from Mwin-
ilunga, Zambia. Distinct morphology of the parent crystal can be used 
for the determination of crystallographic relations between the rutile 
and hematite. The basal surface of hematite is crosshatched by etch 
figures along the {101}H facets (indicated as thin white lines, inter-
secting at 60°). These lines run perpendicular to the crystal edges 
of hematite. While c-axes of rutile do not seem to coincide with any 
low-index features in hematite, {101} planes of rutile (twin bounda-
ries, indicated by blue arrows on the photograph) are matching {110} 
planes of hematite (parallel to the crystal edges). In addition, b (or 
a)-axis of all rutile crystals is aligned parallel to the c-axis of hem-
atite (see the 3D drawing of hematite crystal with epitaxial rutiles). 
Hence, the following orientation relationship between rutile and 
hematite can be deduced: �010�R{101}R||�001�H {110}H. The observed 
crystallographic relations between the hematite and rutile are illus-
trated next to the photograph. Note that {101}R twin boundaries (top 
view) are lined up with {110}H planes of parent hematite. Thin red 
lines at the edges of the hematite crystal indicate all possible c-axes 
orientations of epitaxial rutiles, while red arrow indicates c-axes of 
individual rutile crystals
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X-ray diffraction analysis
The interior sections of rutile/hematite samples were first 
examined for bulk phase composition. The samples were 
crushed in an agate mortar and analyzed by X-ray powder 
diffractometer (PW1710, Philips GmbH, Germany) using 
a Ni-filtered Cu-Kα radiation in the range 2θ = 10–80° 
with a step of 0.02° and recording time of 0.5 s/step. Raw 
diffractograms were matched by crystallographic data for 
rutile (ICSD-63710), hematite (ICSD-15840) and ilmenite 
(ICSD-30664).
Optical microscopy
A few-mm-thin segments were cut in two orientations 
from the center of the samples in both orientations, glued 
on the glass substrate, thinned to about 10 μm and finally 
polished by 1/4 μm diamond paste. While hematite is opti-
cally opaque, strong birefringence of rutile could be used to 
investigate extinctions between twin domains under polar-
ized light. Thin sections of the samples were studied using 
a polarized light source and photographic camera equipped 
with macro-objective lens and polarizing filter (Canon 
500D, Japan). Details of the samples were further investi-
gated using a petrographic microscope (Axio Imager Z1m, 
Carl Zeiss Microscopy GmbH, Jena, Germany).
Scanning electron microscopy
Intergrowth of minerals, their morphology and chemi-
cal composition of the samples were additionally studied 
by SEM (JSM-5800, Jeol Ltd., Tokyo, Japan) operated 
at 20 kV and equipped with EDS (Model 6841, Oxford 
Instruments, Oxfordshire, UK) for elemental analysis. 
Using SEM, the surfaces of the samples and their cross sec-
tions were investigated. The samples were sputtered by a 
thin layer of carbon to produce surface conductivity neces-
sary for SEM observations and EDS analysis.
Transmission electron microscopy
To study the transient topotaxial processes and evolution of 
rutile and hematite intergrowths, thin slices were cut in two 
perpendicular low-index, basal (001)H and prismatic (100)H 
orientations, and searched for locations showing com-
plex intergrowth structures under the optical microscope. 
Selected areas of interest were drilled by ultrasonic cutter 
(SoniCut 380, South Bay Technology Inc., San Clemente, 
California) into a 3-mm-diameter disks for TEM investi-
gations. While keeping the selected feature near the disk 
center, the samples were mechanically ground from both 
sides down to the thickness of ~100 μm. The disks were 
then polished and dimpled (Dimple grinder 656, Gatan Inc., 
Pleasanton, California) from one side down to ~20 μm at 
the dimple center. Finally, the specimens were ion thinned 
from both sides using 4 kV/1.2 mV Ar+ ions (PIPS 691, 
Gatan Inc.) at an incidence angle of 10° until perforation 
to produce large electron-transparent areas in the peripheral 
part of the hole, suitable for TEM observations. For TEM 
studies, a conventional 200-kV TEM with an LaB6 electron 
source (JEM-2100, Jeol Ltd., Tokyo, Japan) and a 200-kV 
TEM/STEM with field emission gun (FEG) electron source 
(JEM-2010F, Jeol Ltd., Tokyo, Japan) equipped with Si(Li) 
energy-dispersive X-ray spectrometer (Link ISIS-300, 
Oxford Instruments, Oxfordshire, UK) and a high-angle 
annular dark-field detector (HAADF–STEM) were used. 
The point-to-point resolution of ~0.19 nm, achieved by 
FEG–TEM microscope, is sufficient for resolving {110}H 
lattice spacings (d110H = 0.2519 nm) in [001]H zone axis.
Results
The origin of rutile/hematite intergrowths was studied by 
a combination of microscopy and spectroscopy methods. 
From macroscopic epitaxial relations observed on the spec-
imens (Fig. 2), the basic crystallographic orientation rela-
tionship between the rutile and hematite was deduced (OR-
2). To resolve other questions, as what is the equilibrium 
hematite/rutile interface, which are the energetically stable 
rutile–rutile interfaces, is there an internal source of Ti ions 
such as ilmenite, and finally, what triggers the hematite/
rutile phase separation, the samples need to be investigated 
at the atomic scale. To find answers to these questions, full 
structural analysis from microscopic down to the nanom-
eter scale is performed.
Textural characteristics of rutile/hematite intergrowths
Figure 3 shows typical cross sections of the sample viewed 
along the [001]H orientation. Under polarized light, the rutile 
crystals appear in shades of red, brown, yellow and green, 
while the non-transparent hematite is black (Fig. 3a). In all 
samples, we observe that the rutile crystals near the surface 
are larger than in the interior of the matrix hematite crystal. 
Rutile is highly birefringent. In the incident wave of polar-
ized light, its color strongly depends on crystal’s orientation. 
In this orientation, the optical axis of rutile (c-axis) lies nor-
mal to the incident light wave. In-plane rotation of the thin 
section thus shows regular extinctions of rutile domains 
at every ~60° with about ±5° shift from each set related to 
the twin pairs, whereby the angle measured between identi-
cal extinction conditions for a twin pair amounts to ~114°, 
which corresponds to the characteristic angle between 
the c-axes of (101) twin in rutile. Most of the larger rutile 
domains appear to be linked by this relation.
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Another distinct feature that can be observed in most of 
the rutile domains are reddish stripes, which are running 
more or less parallel within a single rutile domain and are 
mirrored across the twin boundaries. Their red coloration 
suggests that these stripes may correspond to exsolutions 
of hematite. Our SEM/EDS analysis of the red stripes in 
rutile crystals (Fig. 3b) confirmed that they are Fe-rich. 
They appear in form of thin lamellae visible as bright lines 
in backscattered electron images. The angles between the 
lines are consistent throughout the hosting rutile crystal and 
suggest structurally driven exsolution of Fe-rich compo-
nent to specific planes of rutile. In addition to these sharp 
exsolution lamellae, other more irregular exsolutions can 
be observed. Twinning of rutile is best seen on the (001)H 
surface of the sample (Fig. 3c). Here, rutiles form a char-
acteristic in-plane arrangement of twinned crystals, known 
as sagenite networks. As already observed by light micros-
copy, most of the twins are of {101} type with sharp and 
fairly long contact planes. Coarse crystallinity and a dis-
tinct morphology of the rutiles imply an abundant recrys-
tallization, which happened on the free surfaces of the sam-
ples. While the central sections appear more compact, some 
porosity is present even in the interior of the samples as a 
result of leaching of the more soluble mineral components. 
Such situations are best seen in polished cross sections, 
where thin parts of material broke off and faceted surfaces 
of rutile, characterized by the alternating {110}R faces, are 
revealed (Fig. 3d). The appearance of rutiles in the interior 
Fig. 3  Top view of rutile/hematite intergrowths; [001]H projection. a 
A thin section of the sample in polarized light. Black areas belong 
to non-transparent hematite matrix, whereas transparent domains 
colored in shades of yellow–orange–brown correspond to rutile. Red 
stripes within the rutile crystals indicate oriented exsolutions of a 
mineral with a deep-red pleochroism. b Hematite exsolutions in rutile 
indicated by arrows. c Secondary electron image of the recrystallized 
surface of the sample with well-developed rutile crystals. The rutiles 
show abundant {101} twinning from simple contact, to parallel, and 
more complex cyclic twin combinations. Few twin boundaries are 
pointed out by arrows, whereas red lines delineate the c-axes of the 
crystals. The drawing in the upper left corner indicates possible pri-
mary twin orientations dictated by the underlying hematite crystal. 
d Backscattered electron image of polished cross section from the 
interior of the sample showing rutile domains in (101) twin relation 
embedded in hematite matrix
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of the sample is different from those on the surface. They 
no longer show idiomorphic morphology, but are elon-
gated along directions more or less parallel with a (or b)-
axes. This is quite uncommon for rutile, which without any 
outer restraints, shows preferential growth along the c-axis. 
The contact between the rutile and hematite is wavy, espe-
cially in the direction of the rutile’s c-axis. Here and there, 
the neighboring rutile domains are brought into contacts, 
which do not appear to be a part of a primary exsolution 
process, but rather a consequence of rutile-domain growth. 
The ratio between rutile and hematite in the interior part 
of the samples close to 1:1 was determined from several 
SEM images recorded at low magnifications. SEM image 
in Fig. 3d shows two rutile domains met in (101)R twin 
orientation. Compared to the surface, the twin contacts are 
quite seldom in the interior of the samples and represent a 
rarity.
When the intergrowths are viewed in vertical cross sec-
tion (Fig. 4), very different texture is observed. Here, the 
rutile domains form pillars composed of platy rutile crys-
tals interwoven with the hosting hematite matrix. Some 
rutile pillars extend through the whole thickness of the 
hosting hematite crystal and protrude over the surface line 
(Fig. 4a). Typical thickness of individual rutile platelets is 
~20 μm, whereas their widths can span over several mil-
limeters. They are closely packed and piled up along the 
crystallographic b-axis, based on the observed crystallo-
graphic relation between hematite and rutile (OR-2). Minor 
Fig. 4  Side view of rutile/hematite intergrowths; [100]H projection. 
a Cross section of the specimen with yellow–orange rutile pillars 
within the matrix of opaque hematite. Columnar rutile domains from 
the interior protrude all the way to the top (basal surface) of the host-
ing hematite crystal. b Backscattered SEM image of rutile pillar in 
hematite. In this view, b-axis of rutile is oriented roughly parallel to 
the vertical direction of the pillars. c Close-up of fresh (right side) 
and recrystallized (center) rutile pillar. Fresh pillars show little poros-
ity and have sharp contacts with the hosting hematite. They are com-
posed of thin rutile slabs, piled up into columns along its b-axis. In 
the recrystallized part, this texture is ruined. Here, hematite is leached 
out and replaced by idiomorphic rutile crystals covered by a crust of 
Fe-oxyhydroxides
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hematite matrix is entrapped between the rutile slabs. The 
interface between the pillars and hosting hematite is wavy 
due to variable width of the platelets (Fig. 4b), implying 
locally different conditions for lateral rutile growth. Few 
loose rutile crystals can be observed in the hematite matrix 
surrounding the pillars. In unaltered regions, the contact 
between the rutile crystals and hosting hematite is abrupt. 
However, the interior of the samples is not entirely com-
pact. Here and there, large pores are observed as a result 
of leaching more soluble mineral components in the late 
stages of crystallization. In such regions, the rutile pillars 
are recrystallized (Fig. 4c). The rutiles acquire idiomor-
phic shapes, while the hematite is leached out. Individual 
rutile crystals seem to retain their original orientation while 
growing into the empty space left behind the leached hema-
tite. The remnant rutiles are coated by a thin crust of Fe-
rich oxyhydroxide phase, possibly lepidocrocite or goethite 
in form of tiny acicular crystals, typical of post-hydrother-
mal processes.
Crystallography of hematite/rutile intergrowth structures
Macroscopic observations imply that the growth of rutile is 
dictated by the hematite matrix. To understand these rela-
tions, samples from unaltered interior of the samples were 
investigated by TEM. Rough inspection of several sam-
ples confirmed that the general orientation of the hema-
tite matrix remains unchanged, regardless the presence 
of numerous rutile exsolutions. Complex hematite/rutile 
intergrowth structures are best viewed in [001]H projec-
tion. In this view, rutile lamellae are intersecting hosting 
hematite crystal in different angular directions, forming 
random topotaxial networks. As opposed to the specimen 
surface, twin boundaries in the interior of the sample 
appear to be fairly rare. Figure 5 shows one such situation 
where two rutile lamellae are coinciding in (101) twin ori-
entation. At first glance, electron diffraction pattern (EDP) 
recorded from the area including hematite matrix and the 
twin boundary (Fig. 5a) suggests that the rutile domains are 
met in (101) twin orientation (diffraction spot doublets), 
and at the same time, they share a topotaxial relation with 
hosting hematite (Fig. 5b), according to OR-2. However, 
when we measure the angle between the c-axes of R1 and 
R4¯ domains, it appears to be slightly larger than the angle 
typical for (101) twins in undistorted rutile. To explain this 
deviation, theoretical diffraction patterns for ideal hematite 
(Blake et al. 1966) and rutile (Howard et al. 1991) struc-
tures were calculated. They both match the reported values, 
producing characteristic triplets of correlated reflections, 






























Fig. 5  Structural study of (101)-twin interface between two exso-
lution lamellae in hematite viewed along the [001]H zone axis. a 
Bright-field (BF) TEM image of rutile lamellae in hematite. b Elec-
tron diffraction pattern (EDP) from the area including hematite and 
both rutile domains shows that when hematite is in [001]H projection, 
all rutile domains are in [010]R orientation, according to OR-2. The 
angle between the c-axes of rutile domains R1 (red) and R4¯ (blue) 
measured from EDP is ~115.4° (note the twist indicated by arrows). 
As a result, small splitting of the reflections related to the mirror 
plane can be observed. Simulated EDP in (a) is shown for compari-
son. c HRTEM image of the (101) interface with steps compensat-
ing for the orientation mismatch and sections with an ideal (101)-twin 
configuration with the angle between the c-axes of 114.4°
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difference between the d(101)R (0.2487 nm) versus d(110)H 
(0.2519 nm) reflections. To understand experimental EDP, 
simulated pattern was composed of two rutile crystals in 
(101) twin orientation with a hematite crystal aligned into 
OR-2 (inset, Fig. 5a). The comparison with experimen-
tal EDP (Fig. 5b) shows that rutile domains indeed devi-
ate from an ideal (101) twin orientation. This can be seen 
by twisting the twin reflection spots adjacent to the mir-
ror plane and a barely visible splitting of {h0h}R reflec-
tions related to the mirror plane. As a result the angle 
between [002]R1 and [002]R4¯ across the interface amounts 
to ~115.4°, which is ~1° larger than the angle expected for 
a coherent (101) twin boundary in rutile. HRTEM image 
recorded on the (101) interface (Fig. 5c) shows that the 
boundary is disrupted by evenly spaced edge disloca-
tions, separated by 13- to 15-nm-long sections of more or 
less undistorted (101)-twin with the characteristic angle 
of 114.4° between the c-axes. At every dislocation step, 
an additional (101)R plane is introduced to compensate for 
the ~1° mismatch (θ ′). The average length of these sections 
corresponds to the distance of d(101)R/tan(θ ′) = ~14 nm that 
the rutile structure would need to compensate the mismatch 
by introducing an extra (101) plane. Such dislocations are 
never observed on growth twins (Daneu et al. 2014) sug-
gesting that this interface is not a regular twin boundary but 
rather a result of impingement of two oppositely growing 
rutile domains.
In the following, we analyze how many different ori-
entations the rutile crystals can adopt with respect to the 
hematite and how many rutile–rutile relations can con-
sequently be produced. Assuming OR-2, where (101)R is 
aligned with (110)H, the angular difference between the 
rutile’s c-axis [002]R and the b-axis of hematite [030]H is 
2.78°. Tetragonal rutile structure can thus adopt two mir-
ror (±) orientations with respect to each of the six {110}H 
planes, leading to 12 possible H|Ri orientations between 
hematite and rutile. During growth, rutile domains impinge 
and can form different types of special grain boundaries, 
like (101) and (301) twin boundaries (TW), low-angle tilt 
boundaries (TB) and other semicoherent interfaces. Basi-
cally, any of the 12 rutile Ri orientations (first set) can 
meet in any combination with the other 12 rutile Rj ori-
entations (2nd set), leading to the total of 144 possible 
rutile–rutile Ri|j (±) configurations. However, not all per-
mutations represent truly unique configurations. Out of 
these, 24 configurations reflect into a single crystal orien-
tation, i.e., Ri|j|i = ±1 … 6; j = ±i and can be ruled out because 
they do not produce an interface. Furthermore, half of the 
remaining variants related to Ri|j and Rj|i|i = ±1 … 6; j = ±1 … 6 
pairs are identical as they describe the same rutile–rutile 
configuration; for example, R2|3 ≡ R3|2. All the remain-
ing 60 configurations are unique and could be observed in 
hematite. For example, six unique (101) twin orientations 
(related by 60° rotation) with respect to fixed hematite 
(H) matrix are possible (illustrated in the inset of Fig. 3c). 
Disregarding the rotational variants, we can identify four 
major groups of rutile–rutile relations: (1) (301) twin con-
figuration TW-I at ϕTW-I = 54.44° (6) and complementary 
TW-I′ at ϕ′TW-I = 125.56° (6), (2) symmetry-related con-
figurations TB-I at ϕTB-I = 60° (12) and their complemen-
taries TB-I′ at ϕcTB-I = 120° (12), (3) (101) twin configu-
ration TW-II at ϕTW-II = 114.44° (6) and complementary 
TW-II′ at ϕ′TW-II = 65.56° (6) and finally (4) low-angle tilt 
configuration TB-II at ϕTB-II = 174.44° (6) with comple-
mentary TB-II′ at ϕ′TB-II = 5.56° (6). As a result, we can 
observe eight structurally different Ri|j interfaces in OR-2, 
comprising four primary and complementary pairs. A com-
plete list of rutile–rutile configurations (Ri|j |i,j = ± 1 … 6) 
with the corresponding tilt angles (ϕ) between the rutile 
c-axes is given in Table 1. To facilitate identification of 
Ri|j duplicates, the angles are given in the range from 0° 
to 180°, measured clockwise Ri → Rj (+) if ϕ < 180°, and 
in counterclockwise direction Ri ← Rj (−) if ϕ > 180° 
(ϕ¯ = 360◦ − ϕ).
Figure 6 shows four of the 60 unique Ri|j, produced by 
random impingement of the exsoluting rutile lamellae. 
Here, we observe an extended elbowed band of rutile cross-
ing hematite crystal in the thin part of the sample. Every 
kink in the band indicates that the rutile changed its orien-
tation with respect to the hematite matrix. Diffraction pat-
terns from each individual rutile domain show that c-axes 
of rutile domains correspond to four successive H|Ri ori-
entations (i = 1, 2, 3, 4; see illustration in the upper left 
corner of Fig. 6a with 12 possible H|Ri). Small tilt angles 
between H|R1 versus H|R2 and H|R3 versus H|R4 produce 
two different low-angle TB-II, R2|1¯ and R4|3¯, respectively. 
Even more interesting is the interface between H|R2 and 
H|R3, where we would expect a short TW-I’ interface to 
minimize the contact area between two differently ori-
ented rutile domains. Instead, a long TW-I boundary R2¯|3¯ 
is established. The resulting (301)-twin interface is about 
five times longer than it would be had its complementary 
formed. This indicates that a coherent twin boundary has 
a considerably lower interface energy than the comple-
mentary incoherent interface. From above, an additional 
rutile lamella in yet another H|Ri orientation joins the main 
exsolution band. It belongs to the last of the six possible 
(±) exsolution directions H|R6 and coincides with the H|R3 
lamella to form an (101)-twin interface R6¯|3. In the close-up 
of this coincidence situation (Fig. 6b), one can see that the 
(−) pole of R6 forms (101)-twin with (+) pole of R3, and 
(−) pole of R3 forms (301)-twin with (−) pole of R2. The 
corresponding angular relations for particular configura-
tions are listed in Table 1.
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Already from Fig. 6, we could see that H|R interfaces 
do not simply coincide with the c-axis of rutile or any of 
the low-index lattice planes in hematite or rutile. To better 
understand their structural relation, interfaces were stud-
ied at atomic scale. Figure 7 shows a HRTEM image of 
two rutile domains coinciding at special low-angle TB-II 
configuration R2|1¯ (see Table 1). The interface between 
the two domains appears as a single crystal, disrupted by 
an array of dislocations lined along the contact (002)R 
plane. Uniformly spaced dislocations indicate that there 
is an inherent misalignment between the two crystals, dis-
tinctive for low-angle tilt boundaries. Net Burgers vector 
around the dislocation cores equals to the length of the 
rutile c-axis; i.e., b = [001]R. However, if the interface 
is scrutinized more carefully, we realize that the misfit 
is in fact compensated by the introduction of two half-
(101)R planes, which meet at the dislocation core from 
the coinciding two domains (see HRTEM image; Fig. 7). 
The Burgers vector is thus composed of two components 
b = b1 + b2 = ½·[101] + ½·[1¯01]. The energy associated 
with such dissociation is expected to be lower (Nakamura 
et al. 2009) because it involves a combination of two pure 
edge dislocations in the close-packed (hcp) O-sublattice 
having shorter Burgers vectors. In addition, this type of 
dissociation appears to be a quite reasonable solution for 
symmetric tilt boundaries where the misfit is half compen-
sated by each domain.
The angle enclosed by the c-axes for the R2|1¯ interface 
is 174.44°, just short of 180°, which would make up a per-
fect crystal with no misfit. With an increasing tilt angle 
(θ), dislocations start to appear along the interface with the 
regions of almost perfect crystal inbetween. In our case, the 
tilt angle is θ = 2.78°. Now we can calculate the distance 
that is needed to compensate ½·b = d(002)R (0.1479 nm), in 
one domain, i.e., DTB-II = d(002)R/tan(θ) = 3.05 nm, which 
corresponds to the expected distance between dislocations 
for this interface. The average distance measured from 
our HRTEM image is larger (D′TB−II = 5.05 nm), indicat-
ing that the actual angle between the rutile c-axes must be 
larger. Measured from experimental EDP (Fig. 7), the angle 
Table 1  A list of hypothetical rutile–rutile configurations that can form during impingement of growing rutile lamellae within the parent hema-
tite crystal based on OR-2
i|j 1 2 3 4 5 6 1- 2- 3- 4- 5- 6-
1 R1|1 R1|2 R1|3 R1|4 R1|5 R1|6 R1|1
- R1|2- R1|3- R1|4- R1|5- R1|6-
0° 5.56° 60° 65.56° 120° 125.56° 180° -174.44° -120° -114.44° -60° -54.44°
2 R2|1 R2|2 R2|3 R2|4 R2|5 R2|6 R2|1
- R2|2- R2|3- R2|4- R2|5- R2|6-
-5.56° 0° 54.44° 60° 114.44° 120° 174.44° 180° -125.56° -120° -65.56° -60°
3 R3|1 R3|2 R3|3 R3|4 R3|5 R3|6 R3|1
- R3|2- R3|3- R3|4- R3|5- R3|6-
-60° -54.44° 0° 5.56° 60° 65.56° 120° 125.56° 180° -174.44° -120° -114.44°
4 R4|1 R4|2 R4|3 R4|4 R4|5 R4|6 R4|1
- R4|2- R4|3- R4|4- R4|5- R4|6-
-65.56° -60° -5.56° 0° 54.44° 60° 114.44° 120° 174.44° 180° -125.56° -120°
5 R5|1 R5|2 R5|3 R5|4 R5|5 R5|6 R5|1
- R5|2- R5|3- R5|4- R5|5- R5|6-
-120° -114.44° -60° -54.44° 0° 5.56° 60° 65.56° 120° 125.56° 180° -174.44°
6 R6|1 R6|2 R6|3 R6|4 R6|5 R6|6 R6|1
- R6|2- R6|3- R6|4- R6|5- R6|6-
-125.56° -120° -65.56° -60° -5.56° 0° 54.44° 60° 114.44° 120° 174.44° 180°
1- R1
- |1 R1- |2 R1- |3 R1- |4 R1- |5 R1- |6 R1- |1- R1- |2- R1- |3- R1- |4- R1- |5- R1- |6-
180° -174.44° -120° -114.44° -60° -54.44° 0° 5.56° 60° 65.56° 120° 125.56°
2- R2
- |1 R2- |2 R2- |3 R2- |4 R2- |5 R2- |6 R2- |1- R2- |2- R2- |3- R2- |4- R2- |5- R2- |6-
174.44° 180° -125.56° -120° -65.56° -60° -5.56° 0° 54.44° 60° 114.44° 120°
3- R3
- |1 R 3- |2 R3- |3 R3- |4 R3- |5 R3- |6 R3- |1- R3- |2- R3- |3- R3- |4- R3- |5- R3- |6-
120° 125.56° 180° -174.44° -120° -114.44° -60° -54.44° 0° 5.56° 60° 65.56°
4- R4
-|1 R4-|2 R4-|3 R4-|4 R4-|5 R4-|6 R4-|1- R4-|2- R4-|3- R4-|4- R4-|5- R4-|6-
114.44° 120° 174.44° 180° -125.56° -120° -65.56° -60° -5.56° 0° 54.44° 60°
5- R5
- |1 R5- |2 R5- |3 R5- |4 R5- |5 R5- |6 R5- |1- R5- |2- R5- |3- R5- |4- R5- |5- R5- |6-
60° 65.56° 120° 125.56° 180° -174.44° -120° -114.44° -60° -54.44° 0° 5.56°
6- R6
- |1 R6- |2 R6- |3 R6- |4 R6- |5 R6- |6 R6- |1- R6- |2- R6- |3- R6- |4- R6- |5- R6- |6-
54.44° 60° 114.44° 120° 174.44° 180° -125.56° -120° -65.56° -60° -5.56° 0°
Ri|j represent 144 possible orientation relations between the rutile crystals with the corresponding angles between the c-axes (see Fig. 6a). Indi-
vidual Ri|j belong to the following groups highlighted in colors: single crystal orientations (0° and 180°)—gray; symmetry-related configurations 
(60° and 120°, representing each other’s complementaries)—white; low-angle tilt configurations (±174.44° with complementaries at ±5.56°)—
blue; (101) twin configurations (±114.44° with complementaries at ±65.56°)—red; and (301) twin configurations (±54.44° with complementa-
ries at ±125.56°)—green. Complementary configuration is defined by ϕ′=180◦ − ϕ
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between the c-axes [002]R2 and [002]R1¯ is ~175.5°, which 
is ~1° larger than the expected angle for the R2|1¯ interface, 
similar as observed for the R1|3¯ interface in Fig. 5. Cor-
respondingly, the actual misorientation tilt angle (θ′) is 
somewhat smaller than the one expected by OR-2, which 
to some extent explains the larger distance between the 
dislocations, D′TB−II. A half angle between the R2|1¯ bound-
ary plane and the c-axis (black line in HRTEM image; 
Fig. 7) measured from the lattice image is 87.8° and con-
firms a smaller tilt angle θ ′ = 2.2°. This small difference 
θ−θ ′ ≈ 0.6° has the same sense as that on the (101)-twin 
interface (Fig. 5a) and violates the OR-2.
Let us now focus on the hematite/rutile phase boundary. 
The interface between the two minerals is perfectly coher-
ent with no apparent misfit dislocations. Based on OR-2, 
one would anticipate that (110)H planes of hematite would 
form a coherent interface with (101)R planes of rutile. 
However, the crystals choose different lattice planes. If 
(110)H lattice planes are viewed across the H|R2 interface, 
the equivalent planes in the rutile lattice are deflected for 
a small angle, which is a result of tetragonal deformation 
of the rutile’s hcp lattice with respect to hematite. When 
the same set of planes is followed from hematite across 
the H|R1 interface onto the lower rutile domain, they seem 
to pass the boundary almost smoothly, which is a result 
of specific tilt setting of rutile domains in R2|1¯ configura-
tion. H|R interfaces are not bound to any simple low-index 
plane in either of the two lattices, but are composed of peri-
odic steps in the common O-sublattice. The angle meas-
ured from the resultant interface line (outlined red; see 
Fig. 7), e.g., H|R1, and the cR-axis in the corresponding 
rutile domain amounts to ~21°. This angle is most closely 
matched by the (401)R1¯ plane, which encloses the angle 


























































Fig. 6  Crystallographic study of multiple coinciding exsolution 
lamellae of rutile in hosting hematite matrix. a TEM image of five 
different hematite/rutile H|Ri orientations with the corresponding 
EDP patterns (above and right). In the inset, H|R3 relationship is 
simulated to illustrate the coincidence of hematite (red) and rutile 
(blue) reflections. In total, there are 12 possible H|Ri orientations of 
rutile with respect to hematite, according to OR-2, as shown in the 
drawing in the upper left corner of the TEM image. Red lines indi-
cate six equivalent hematite directions related to its a-axis, whereas 
white dotted lines show 12 possible c-axis orientations of rutile tilted 
for ±2.78° from the primary directions of hematite. Between any 
pair of white dotted lines, different rutile–rutile Ri|j configurations 
can be produced as a result of domain impingement. Here, four out 
of 60 possible configurations can be seen: R2|1¯ and R4|3¯ (low-angle 
tilt boundaries, 174.44°), R2¯|3¯ (301) twin boundary (54.44°) and R6¯|3 
(101) twin boundary (114.44°). b Close-up of neighboring (101) and 
(301) interfaces from the central part of (a)
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planes in the rutile lattice will belong to the {401}R fam-
ily. Accordingly, the interface plane (1¯80)H, belonging to 
the {170}H family, can be identified in the hematite lat-
tice. As there are no physical lattice planes running normal 
to the H|R1 interface, the misfit is best calculated using a 
linear combination of basic lattice vectors corresponding 
to interface planes in hematite and rutile. If the interface 
planes are decomposed to fractions of lattice vectors, i.e., 
(401)R ≡ (1/1, 0, 1/4)R and (170)H ≡ (1/7, 1/1, 0)H, the dis-
tances between the common interface points, dR and dH, are 
given by:
and





(7 · aH)2 + b2H + 2 · (7 · aH) · bH · cos(γ )
]/
3
where aR = 0.45937 nm, cR = 0.29587 nm; 
aH = bH = 0.5038 nm, γ = 120°. The calculated values, 
dR = 1.2695 nm and dH = 1.2679 nm, indicate that hema-
tite and rutile are almost perfectly matched at this particular 
interface. Distances, dR and dH, correspond to five intera-
tomic distances, d′Ti−Ti and d′Fe−Fe, projected to the inter-
face from each structure. Hence, the misfit (δ) between the 
two lattices can be calculated according to the following 
equation (Löffler and Mader 2003):
resulting in the misfit for the (170)H|(401)R interface of 
δ = 0.13 %. The distance between the interface misfit dis-
locations, i.e., the Vernier period of a misfit (D), is given by 
the following equation:
















































































































Fig. 7  Structural analysis of low-angle TB-II configuration and the 
equilibrium hematite/rutile interface. HRTEM image of low-angle tilt 
boundary R2|1¯ produced between two almost equally oriented rutile 
domains (central part) in the hematite matrix (above-left). The small 
misorientation between the domains (c-axes directions are indicated 
by white dotted lines) is compensated by a series of edge disloca-
tions (marked by arrows). The interface (red line) between hematite 
and rutile H|R is coherent and tilted for ~21° with respect to the re-
entrant rutile c-axis. In hematite, the plane parallel to the interface 
corresponds to the {170}H family, while in rutile the equivalent plane 
belongs to the {401}R family. EDP (upper right corner) recorded 
over the hematite and the two rutile domains with composed simu-
lated pattern (below) according to the OR-2 (left) for comparison. 
The stereogram in the upper left corner illustrates the observed crys-
tallographic relations for the H|R1 interface. Note the matching of 
(401)R||(1¯80)H interface planes, instead of (101)R||(110)H
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If the calculated period is divided by the number of pro-
jected interatomic distances, d′Ti−Ti and d′Fe−Fe, we obtain 
a length of ~200 nm, which would theoretically be needed 
to compensate one projected interatomic distance of the 
smaller lattice. The relatively high-index lattice planes in 
rutile and hematite produce an almost ideal coherent inter-
face. Such a small misfit is easily compensated, for exam-
ple, by relaxation of both lattices, and as a consequence, no 
misfit dislocations are observed.
As a consequence of matching of (401)R rutile with 
(1¯80)H of hematite, the two lattices suffer a slight rotational 
misalignment of θ = 0.59° away from the OR-2, which in a 
strict sense translates to:
This can be seen as a slight splitting of the diffrac-
tion spots (110)H and (101)R and narrowing the distance 
between the {002}R2|R1¯ pairs next to (300)H reflections in 
the experimental EDP (inset in Fig. 7). This is best seen 
if experimental EDP is compared to the composed simu-
lated EDP, where (110)H and (101)R are in coinciding posi-
tion following the OR-2. The 0.59° splitting of (110)H and 
(101)R is shown in stereographic projection of H|R1 inter-
face (stereogram; Fig. 7), where (401)R is aligned with 
(1¯80)H as defined by OR-2, slightly redefining all structural 
relations between the hematite and rutile.
The origin of Ti ions and exsolution processes  
in rutile/hematite intergrowths
The crystallographic study of the intergrowths has con-
firmed that the exsolution of rutile is entirely controlled by 
the hematite matrix. Consequently, one would expect that 
the source of Ti ions needed for the formation of intrinsic 
rutile lamellae must be the parent hematite. EDS analyses 
on different locations show that hematite matrix contains 
up to 6 at % of Ti, whereas the rutile domains may contain 
up to 1 at % of Fe. However, the distribution and the mode 
of solute ordering could not be resolved in the [001]H basal 
projection. To address these questions, the sample was fur-
ther studied in perpendicular prism orientations, where we 
find manifold situations, which contribute to better under-
standing of the rutile exsolution mechanism.
When the samples are viewed in [100]H projection, we 
find that hematite is densely populated with Ti-rich pre-
cipitates undulating along the basal planes of the parent 
matrix. Figure 8 shows a hematite crystal with numerous, 
up to ~20 nm thick, and several-hundred-nanometer-long 
lens-shaped precipitates. In the close proximity of the 
exsoluted rutile lamella (see Fig. 8a; top), the precipitates 
(7)D = dH · dR
|dH − dR|
(8)OR-3 : �010�R{401}R||�001�H{170}H .
are becoming shorter and thinner until they disappear 
completely as the hematite/rutile interface is approached 
regardless the orientation of the rutile lamella. Bulk hema-
tite matrix contains up to 6 % of Ti, depleting gradually to 
almost pure hematite composition near the hematite/rutile 
interface. The depletion zone is indicative for diffusion pro-
cesses that led to excretion of TiO2 building blocks from 
parent hematite–ilmenite matrix followed by topotaxial 
nucleation and growth of rutile on structurally compatible 
lattice planes. Two types of hematite/rutile relations are 
observed: (1) prismatic with (030)H|(301)R interface and 
(2) basal with (006)H|(020)R interface, both obeying OR-2. 
The interfaces are abrupt, sharp and coherent when scru-
tinized at the atomic scale. In the first stage of exsolution 
thin lamellae of rutile nucleate perpendicular to the basal 
planes of hematite produce long coherent (030)H|(301)R 
interfaces (Fig. 8b), which are a result of ionic transport 
along the basal planes of hematite. The nucleation is fol-
lowed by lateral growth of the rutile lamella parallel to 
basal planes of hematite following the direction of a con-
tinuous supply of Ti ions from gradually dissolving Ti-rich 
precipitates. HRTEM study of the precipitates confirmed 
that they correspond to ilmenite (Fig. 8c). In addition to 
gradually smaller ilmenite patches, the region close to the 
rutile exsolution is full of random diffusion paths (Fig. 8d). 
A general direction of the diffusion paths points toward the 
rutile lamella, i.e., roughly parallel to the basal planes of 
hematite. EDS analysis with nanobeam probe sizes indi-
cated an enrichment of Ti along the diffusion paths, thus 
confirming that they might have served as pathways for 
Ti migration toward the rutile exsolution. Ti migration 
pathways testify of a dynamic process during cooling the 
crystal to lower temperatures where the diffusion becomes 
sluggish and Ti ions were frozen on their way toward the 
rutile lamella.
The last of the topotaxial processes takes place in Fe-
rich rutile crystals. When rutile domains are observed under 
TEM conditions, we realize that they are full of internal 
defects that could be caused by chemistry variations. This 
is especially prominent in larger rutile lamellae, whereas 
the thinner appear to be free of such defects. However, in 
TEM, the phase contrast at lower magnifications is domi-
nated by intense amplitude contrast stemming from beam 
convergence, thickness dependent intensity extinctions, 
bend contours and moiré patterns, making identification 
of phase boundaries difficult. In such cases, STEM mode 
is the better choice. Using BF-STEM, we can see that the 
rutile crystals are densely populated by extended defects 
producing irregular light and dark gray patches, but some 
appear to be bound to special crystallographic directions 
of the rutile structure, as shown in Fig. 9. An increased 
amount of Fe in these areas is confirmed by Z-contrast 
STEM (Fig. 9a) and EDS. HRTEM images of reticulated 
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Fe-rich exsolutions in [010]R projection indicate that they 
correspond to hematite forming reticulated networks within 
the parent rutile matrix (Fig. 9b). The width and the length 
of hematite lamellae are limited by lattice matching in the 
two growth directions. Diffraction analysis of the hematite 
lamellae shows that hematite and rutile obey the OR-2 law 
(Fig. 9c), while equilibrium interfaces are different than in 
the case of rutile exsolutions in hematite. Because the mis-
fit between (101)R and (110)H planes is small (δ = 0.81 %), 
the lamellae grow without restraint in these directions, 
forming up to 100-nm-long coherent {301}R|{030}H inter-


















































Fig. 8  Rutile/hematite intergrowths viewed along [100]H projec-
tion. a Composed bright-field (BF) and dark-field (DF) TEM image 
of hematite/rutile (006)H|(002)R interface with experimental EDP 
from the boundary region (exp) and simulated EDP (sim) showing 
crystallographic relation between the two phases. The DF image is 
produced by long exposure using faint reflections at �g = 1
/
2 · (006)H 
corresponding to ilmenite. As a result, undulating Ti-rich precipi-
tates appear bright. b Composed TEM/HAADF-STEM image of the 
(030)H|(301)R interface. White arrows indicate fast diffusion paths for 
Ti ions, and the red arrows indicate the growth direction of the rutile 
lamella. c A close-up from Ti-diffusion zone indicated in (b). Deeper 
in hematite, patches of ilmenite are present in the hosting hema-
tite matrix (above), whereas (d) in the vicinity of the rutile lamella 
only the Ti-diffusion paths, roughly lined along the hematite basal 
planes, can be seen (below). Fast Fourier transforms (FFT) from the 
two regions show the presence or the absence of ilmenite reflections, 
respectively
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keeps them as thin as possible to reduce lattice strain 
(Fig. 9d). Consequently, typical thickness of the hematite 
lamellae does not reach more than 1 nm (only few atomic 
layers). The observed crystallographic relation is simi-
lar to that observed in rutile–ilmenite interfaces reported 
for (301)-twins of rutile (Daneu et al. 2007). Fine-scale 
exsolution of hematite from hosting rutile is most prob-
ably a result of solid–solution phase separation at lower 
temperatures.
Discussion
Rutile/hematite intergrowths from Mwinilunga are com-
posed of nano- to micro-sized rutile exsolution lamellae 
interlocked within large idiomorphic hematite single crys-
tals with remnants of lenticular ilmenite precipitates. Rutile 
and hematite are structurally related through the crystal-
lographic law OR-2, where the 〈101〉R of rutile are lined 







































Fig. 9  Fine-scale exsolution of hematite in rutile viewed along 
[010]R projection. a Composed bright-field (BF) and high-angle 
annular dark-field (HAADF; Z contrast) STEM image of chemically 
induced extended defects in rutile. In Z contrast, the defects appear 
bright, indicating the presence of elements with higher atomic num-
ber. b Phase-contrast TEM image of thin reticulate exsolutions of 
hematite bound to {301}R planes. c Close-up of reticulated hema-
tite lamella in rutile matrix enclosing an angle of 125.4°. In addition 
to hematite exsolutions, bulk rutile shows an unusual periodicity at 
�g = 1
/
3 · {101}R (see FFT inset). FFT and simulated EDP show that 
rutile and hematite obey OR-2, forming coherent {301}R|{030}H 
interfaces. d Inclined view of hematite lamella (blue) in rutile. (101)R 
in rutile are deflected by (110)H of hematite with no visible misfit dis-
locations
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previously reported orientation relationship, determined 
from morphological relations between the two minerals 
(Armbruster 1981). The orientation relationship, however, 
does not provide the necessary information to reconstruct 
the underlying phase transformation and exsolution mecha-
nism, and for this purpose, phase relations and the nature 
of equilibrium interfaces that may have been established 
between intergrown phases need to be studied from macro-
scopic down to the atomic scale.
Little is known about the origin of these magnificent 
rutile/hematite intergrowths. According to Tamagnini 
and Rossi (personal communication), the Mwinilunga 
intergrowths originate from placer deposits in the Chief 
Mumena area between the districts of Mwinilunga and 
Solwezi in NW Zambia, where gabbroic bodies associ-
ated with mafic magmatism are reported (Porada and Ber-
horst 1998). The primary crystals from this locality are 
thick tabular with a distinct morphology corresponding 
to the rhombohedral R3¯ symmetry. According to Palache 
et al. (1944), such a habit is characteristic of compositions 
shifted to ilmenite-rich part of the hematite-ilmenite tie-
line (Taylor 1963; McEnroe et al. 2005). Ilmenite-rich state 
of the parent crystals is further substantiated by subnanom-
eter-sized ilmenite precipitates still present in the hosting 
matrix. Large crystals with ilmenite-rich compositions are 
distinctive for Fe–Ti-rich differentiates of mafic and ultra-
mafic magmas (Bateman 1951; Ramdohr 1969). They 
form isolated discordant bodies emplaced in pegmatite-
like dykes, as described in the Bushveld complex (Scoon 
and Mitchell 1994). Small mafic dykes that also intrude 
the pre-Katanga basement extending from NW Zambia to 
Democratic Republic of Kongo (Key et al. 2001) are thus 
the most likely source of the investigated rutile/hematite 
intergrowths.
Based on experimental evidences from our study and 
related literature data, we can reconstruct the sequence of 
transient processes that took place after the formation of 
the parent crystals. So, let us start with the primary ilmen-
ite–hematite crystals. The first question that arises is—were 
they pure ilmenite or a mixture of hematite and ilmenite? 
As ilmenite and hematite are isostructural, they form com-
plete solid solution (ss) at elevated temperatures (Ishikawa 
and Akimoto 1958; Burton 1985; McEnroe et al. 2005) 
through a random substitution of Fe2+ and Ti4+ pairs for 
two Fe3+ ions preserving the charge balance (Rao and 
Rao 1965). Typical temperatures estimated for crystalliza-
tion of ilmenite–hematite series from mafic melts range 
between 1,050 and 1,150 °C (Thompson 1976; Nielsen 
and Dungan 1983; Scoon and Mitchell 1994; Ariskin and 
Barmina 1999), while their composition depends on oxy-
gen fugacity, fO2 (Buddington and Lindsley 1964), which 
controls the fraction of Fe3+ ions on crystallization of fer-
rian–ilmenite (also referred as: hemo–ilmenite). At higher 
temperatures, the conditions are generally more reduc-
ing than at lower temperatures. Hence, at given fO2, phase 
compositions at higher temperatures will be shifted toward 
the ilmenite-rich part of the tie-line. With a decreasing tem-
perature, crystallizing phases are depleted in melts and the 
composition of crystallizing phases will shift toward the 
hematite-rich part of the tie-line until the final phase equi-
librium is achieved. At this point, fO2 reaches its equilib-
rium level in the surrounding fluids (Carmichael and Nich-
ols 1967). In our sample, the starting composition of the 
parent crystal can be roughly estimated from the rutile/
hematite ratio in the interior of the samples. Analysis of 
the surface areas corresponding to either rutile or hematite 
from SEM images showed that they coexist in ~1:1 ratio, 
suggesting that the initial composition of the parent crys-
tals was approx. Ilm67Hem33. Above 900 °C, crystals with 
this composition form a homogeneous solid solution (Har-
rison et al. 2000; McEnroe et al. 2005), where Fe2+, Fe3+ 
and Ti4+ ions randomly occupy the same type of octahedral 
interstices in disordered hematite-type structure (R3¯c). At 
lower temperatures, however, solid solution unmixes into 
ilmenite (R3¯) and hematite (R3¯c) domains by diffusion con-
trolled decomposition (Rao and Rao 1965):
Decomposition is a thermodynamically driven process 
that can be described as topotaxial precipitation of hema-
tite lamellae in ilmenite matrix, or vice versa, depending 
on which phase effectively dominates the composition. 
The size of exsolution domains is determined by the kinet-
ics of the cooling process; during fast cooling, nano-sized 
lamellae are formed, whereas with slower cooling rate, the 
size of the lamellae increases. Lamellar texture is typical 
for ferrian–ilmenite crystals that passed through ilmenite–
hematite miscibility gap (McEnroe et al. 2005) and would 
not be present in (e.g., hydrothermally grown) crystals that 
crystallize below the rhombohedral transition temperature.
Ferrian–ilmenites are described from anorthosites in 
southern Norway (Ramdohr 1969; Duchesne 1999; Kasama 
et al. 2003), Saint-Urbain and Allard-Lake in Canada (Car-
michael 1961; Morriset et al. 2010) among others (see 
Haggerty 1971). All these samples originate from mafic 
rocks, and unlike Mwinilunga, they are not transformed 
into rutile. Their common feature is that perpendicular to 
basal planes, ilmenite and hematite display characteristic 
lamellar structure, whereas in basal sections they appear in 
form of irregularly shaped patches (Carmichael 1961; Rao 
and Rao 1965; Ramdohr 1969). Among those, Allard-Lake 
ferrian–ilmenites (see Fig. 1; Carmichael 1961) with an 
overall composition of Ilm70Hem30 seem to best resemble 








Ti4+x O3 → x · Fe2+TiO3 + (1− x) · Fe
3+
2 O3
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is, preserved in fresh parts in the interior of the samples. 
The lamellar texture of Allard-Lake ferrian–ilmenites was 
explained as a result of phase separation on slow cooling of 
the primary solid solution.
In the final stages of crystallization, when the concentra-
tion of crystallizing phases is depleted in melt, the remain-
ing volatiles start to act as an external buffer of constant 
fO2. Here, we reach a crossover stage of crystallization 
when crystallizing phases no longer control the fO2 but 
are controlled by it (Carmichael and Nichols 1967). As the 
temperature is dropping, the activity of oxygen gradually 
increases to the point where Fe2+ from ilmenite is oxidized 
to Fe3+ to form hematite and rutile (Carmichael and Nich-
ols 1967; Thompson 1976; Grambling 1986; Zhao et al. 
1999):
At first glance, a simple redox reaction triggers complex 
reorganization of cations in the oxygen sublattice of the 
parent ferrian–ilmenite host. With a decreasing tempera-
ture, chemical potential of oxygen, μO2, increases (Gram-
bling 1986). As there are no more mineralizing substances 
to crystallize, the system no longer follows a particular 
ferric-ferrous buffer, and the remaining fluids gradually 
become oxidizing as the activity of oxygen is increased. 
Oxidation starts at the surface of the ferrian–ilmenite crys-
tal where it is in contact with the oxidizing fluids. Follow-
ing the oxidation process, surplus Fe3+ ions migrate toward 
the surface, where they form fresh Fe2O3 layers, leaving 
free sites available for the formation of the rutile structure 
behind. A similar process has been recently reported in 
thermally treated natural ilmenite (Zhang et al. 2013). The 
cation redistribution is accomplished within the common 
hcp oxygen sublattice. In ilmenite, one-third of octahedral 
sites is occupied by Ti4+ and one-third by Fe2+ cations, 
whereas in hematite, both two-thirds of octahedral sites are 
occupied by Fe3+ cations. The remaining octahedral sites 
in this structure (corundum-type) are empty. In the rutile 
structure, on the other hand, one half of octahedral sites 
are occupied by Ti4+ cations and the other half is empty, 
which makes this structure more vacant compared to the 
corundum structure. If we assume that all Ti4+ cations from 
ilmenite are rearranged into rutile-type structure and Fe3+ 
cations are arranged to form the hematite structure, there is 
an excess of one-third of Fe atoms that must leave the struc-
ture. This is accomplished through an oxidation process, 
which offers new sites for accommodation of the excess 
Fe3+ cations. The empty sites in the oxygen sublattice serve 
as the pathways for cation migration, as shown by Fe self-
diffusion studies (Amami et al. 1999; Sabioni et al. 2005; 
Hallström et al. 2011). It has been demonstrated that at 
higher temperatures, the diffusion of Fe along the c-axis of 
(10)RHI: 2 · Fe2+ TiO3 + 1
/
2 · O2 → Fe
3+
2 O3 + 2 · TiO2
hematite is several orders of magnitude faster than in prism 
directions. Fe-diffusion paths established through this pro-
cess offer convenient sites for exsolution of the rutile. This 
would explain the formation of pillar-like rutile structures 
along the c-axis of the hosting hematite, observed in pris-
matic orientation of the Mwinilunga samples (see Fig. 8b). 
Compared to Fe-diffusion, the Ti-diffusion rates are slug-
gish (Petersen 1969). It has been reported that Ti-diffusion 
is most efficient along the basal planes of ferrian–ilmenite 
(Ishikawa and Syono 1963; Nord and Lawson 1992). Pre-
ferred diffusion of Ti along the basal planes was confirmed 
by our HRTEM images of Ti-depleted ferrian–ilmenite in 
the vicinity of the nucleating rutile pillar (Fig. 8d). As the 
Ti is less mobile than Fe, this leads to gradual leaching of 
hematite and its replacement by rutile. Fast Fe-diffusion 
normal to the basal planes, and slow diffusion of Ti along 
the basal planes, first leads to nucleation of rutile pillars in 
vertical direction, which is followed by their progressive 
growth along the basal planes of the parent ferrian–ilmen-
ite (see Fig. 4). During growth of rutile, released iron can 
be incorporated in the rutile structure. According to Wittke 
(1967), rutile may uptake ~1 at.% of ferric iron at 800 °C. 
Throughout the lateral growth of rutile pillars into the 
hematite matrix, ilmenite lamellae are being gradually dis-
solved (see remnants of ilmenite; Fig. 8c). In the process 
of oxidation, the Mwinilunga samples were almost com-
pletely converted into rutile and hematite and only a small 
fraction of ilmenite remained in the interior of the samples 
(<1 %).
Let us now take a closer look on the crystallographic 
aspects of oxidation process. Its complexity depends on 
reaction kinetics. The overall reaction rate is defined by the 
following rate-limiting processes: (1) surface oxidation of 
Fe, (2) rate of Fe-diffusion through hematite crystal, (3) 
exsolution of rutile with a release of Fe, (4) Ti-diffusion 
rate through hematite to the rutile/hematite interface and 
(5) dissolution of ilmenite. Assuming long diffusion paths, 
the first two processes grossly determine the reaction rate—
under low fO2 the reaction is limited by the supply of oxy-
gen and oxidation itself is the rate-limiting process, whereas 
under high fO2 oxidation is fast and Fe-diffusion becomes 
the rate-limiting process. At given p − T conditions, the 
reaction rate is thus controlled by fO2—when oxygen in the 
surrounding fluids is present in abundance, all Fe (probably 
in form of Fe2+) that is supplied by diffusion from the crys-
tal’s interior will instantly react to form hematite, whereas 
in a lack of oxygen all subsequent processes (2–5) are 
slowed down because of limited surface oxidation. Surface 
oxidation rate consequently influences the rate of rutile 
exsolution and controls the mechanism of rutile precipita-
tion. During fast exsolution, rutile assumes simple orienta-
tion relationship with respect to parent hematite structure, 
whereas on slow exsolution it adopts energetically more 
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favorable relationship. The most simple orientation that the 
rutile can assume is following the arrays of edge-sharing 
octahedra of the hematite lattice and continuing the 120° 
pattern inherited from the parent lattice. This simple, kinet-
ically driven relationship is known as OR-1 (Armbruster 
1981) and was not observed in the Mwinilunga samples. 
On the other hand, when exsolution is slow, the daughter 
phase has ample time to establish an equilibrium interface 
with the parent phase. Under such nucleation conditions, 
rutile chooses the best matching interface that produces 
the lowest free energy with hematite under given p − T 
conditions (Putnis 1978, 1992). As a consequence, topo-
taxial growth of rutile is controlled by structural coherency 
between hematite and rutile at the time of its exsolution. 
The resulting relationship is thus thermodynamically driven 
and differs from case to case. This type of relationships is 
best described by OR-2, which roughly corresponds to all 
rutile/hematite intergrowths in natural samples (Armbruster 
1981; Daneu et al. 2007, 2014) and exsolutions of hema-
tite in rutile (Putnis 1978) with small but important devia-
tions that can serve as a precise geothermometer (Banfield 
and Veblen 1991; Hwang et al. 2010). In the case of rutile 
exsolutions form Mwinilunga, we showed that rutile and 
hematite roughly obey the OR-2 law with 0.59° angu-
lar deviation, producing a new OR-3 relationship. This is 
due to the fact that the crystals adopt unusually high-index 
habit planes for the equilibrium interface, which in conse-
quence modifies the orientation relationship. Instead of the 
expected low-index (010)H|(301)R interface, which would 
produce an exact OR-2 (Daneu et al. 2014), we observe a 
(170)H|(401)R interface, making steps composed of low-
index facets at the atomic scale: 3·(110)H + 2·(1¯20)H and 
3·(200)R + 2·(101)R. Such interface, in effect, generates 
even better lattice matching between rutile and hematite. 
Taking into account unit-cell parameters of ideal rutile 
(Howard et al. 1991) and hematite (Blake et al. 1966) at 
ambient conditions, the calculated misfit for this interface 
is as low as 0.13 %. To comprehend the scale of this perfect 
match, we shall compare our value with the misfits reported 
in related systems. In (301) twins in rutile, a thin lamella 
of ilmenite forms a coherent (100)I|(301)R interface with 
rutile (Daneu et al. 2007), whereas corundum precipitates 
along (101) twin boundaries in rutile was reported to pro-
duce a semicoherent (110)C|(101)R interface (Daneu et al. 
2014). The misfit values of these interfaces using ideal 
structures are δ(100)I|(301)R = 1.81 % (Daneu et al. 2007) 
and δ(110)C|(101)R = 0.53 % (Daneu et al. 2014). If now the 
misfits are calculated for the equivalent interfaces between 
hematite and rutile, we obtain δ(100)H|(301)R = 0.81 % and 
δ(110)H|(101)R = 6.26 %, while the lattice matching of 
(110)H|(101)R is poor, that of the (100)H|(301)R interface 
appears relatively good. Instead of choosing either of the 
two lower-index interfaces with slightly worse fit, hematite 
and rutile from Mwinilunga obviously prefer a higher-index 
interface with a lower misfit. Owing to different tempera-
ture dependencies of cell parameters, the misfit between 
hematite and rutile changes with temperature. If the lattice 
mismatch is calculated as a function of temperature, the 
optimum matching for our interface is found at ~740 °C, 
presenting the most probable rutile exsolution temperature 
for our system (see Table 2). This demonstrates that dur-
ing slow exsolution, where the system is constantly in near-
equilibrium conditions, minimization of interfacial energy 
is accomplished by perfect match between the two crystal 
lattices. While particular interface offers the best possible 
lattice matching between the two structures at given exsolu-
tion conditions, faceting and periodic steps are the response 
of the system to minimize the combined surface energy of 
the two phases in contact (Bollman 1970).
With a decrease of temperature, the excess of Fe is pre-
sent in rutile exsolutes in form of hematite nanolamellae 
(see Fig. 9). The mechanism of hematite exsolution from 
Fe-bearing rutile was thoroughly studied by Putnis (1978) 
in the temperature range between 475 and 600 °C. He 
showed that transformation passes through an intermedi-
ate Fe-rich phase possessing high structural coherency with 
the rutile structure and is characterized by tripling of the 
rutile’s {101} diffraction spots associated with Fe distri-
bution. Based on its structural properties, this intermedi-
ate phase was related to Guinier–Preston zones, typical for 
early stages of precipitation in diverse systems. This is in 
fact a modulated structure comprising chemical structural 
Table 2  Temperature dependence of lattice misfit (δ) for 
(010)H|(301)R interface (OR-2), (170)H|(401)R interface (OR-3) and 
(140)H|(501)R interface (OR-4) and calculated according to Eq. 6 
from lattice parameters of rutile and hematite
For OR-3, the best fit between the two lattices is achieved at ~740 °C 
and for OR-4 at ~1300 °C
Unit-cell parameters: a Howard et al. (1991), b Nešković et al. 
(1977), extrapolated >890 °C. The larger initial values of δ|25°C for 
OR-3 and OR-4 are due to different data for hematite
T (°C) Rutile: a, c  
(nm)a








20 0.4593, 0.2959 0.5036 −0.77 +0.18 +0.69
250 0.4600, 0.2965 0.5046 −0.76 +0.18 +0.70
300 0.4603, 0.2966 0.5049 −0.79 +0.15 +0.67
460 0.4608, 0.2974 0.5059 −0.76 +0.20 +0.72
600 0.4616, 0.2977 0.5071 −0.88 +0.08 +0.59
670 0.4617, 0.2980 0.5080 −0.94 +0.02 +0.54
890 0.4625, 0.2988 0.5094 −1.00 −0.04 +0.49
1060 0.4634, 0.2992 0.5108 −1.13 −0.17 +0.36
1190 0.4639, 0.2997 0.5125 −1.31 −0.34 +0.18
1350 0.4645, 0.3002 0.5146 −1.56 −0.59 −0.07
1480 0.4650, 0.3006 0.5162 −1.74 −0.77 −0.25
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elements of both end phases and is distinctive of chemically 
induced transitions between different structures crystalliz-
ing within the same sublattice type (Takeuchi 1997; Daneu 
and Recˇnik 2012). Here, we are dealing with a rutile-type 
structure intercalated with Fe-rich corundum-type layers 
(Putnis 1978). Characteristic tripling of {101} reflections 
was also confirmed in our samples (Fig. 9c), indicating the 
same mode of rutile-to-corundum-type structure transfor-
mation. Another possibility to explain this contrast feature 
would be an in-plane orientation of hematite lamellae that 
could produce a similar interference contrast in this projec-
tion. We have shown that the exsolution lamellae of hema-
tite in Mwinilunga rutiles follow the OR-2 law by forming 
low-index equilibrium {301}R|{030}H interfaces, suggest-
ing exsolution conditions similar to those investigated by 
Putnis (1978). Hwang et al. (2010) proposed that this may 
not be the equilibrium interface for this system and sug-
gested that such interfaces would be formed at higher tem-
peratures, where long-range cationic diffusion is possible. 
This study is particularly interesting from the aspect of 
diversity of equilibrium interfaces that can be established 
under different exsolution conditions. Investigating hema-
tite exsolutions in rutiles from ultrahigh-pressure metamor-
phic rocks (eclogites), formed in the temperature range of 
900–1,100 °C, they showed that hematite and rutile form 
high-index equilibrium (140)H|(501)R interfaces with low-
angle tilt boundaries in exsolved hematite (Fig. 9; Hwang 
et al. 2010), similar to those observed in reverse case of 
rutile exsolutions in hematite in our study (Fig. 7). Using 
same crystal data for hematite (Blake et al. 1966), the 
calculated misfit for their interface at room temperature 
is slightly worse than ours and amounts to 0.64 %. More 
interesting is the comparison of the misfits for the two 
interfaces as a function of temperature (Table 2), where we 
can see that our (170)H|(401)R interface finds a better match 
at lower temperatures, whereas the (140)H|(501)R interface 
reported by Hwang et al. (2010) has better matching at 
higher temperatures, which is consistent with their growth 
conditions. On the other hand, (010)H|(301)R interface 
of our hematite precipitates in Fe-rich rutile never meet a 
crossover of lattice matching (see Table 2), supporting the 
presumption of Hwang et al. (2010) that this is probably 
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Fig. 10  Schematic presentation of the progressive transformation of 
parent hem–ilmss precursor crystals into rutile/hematite intergrowths 
from Mwinilunga. a Parent ferrian–ilmenite (ss) crystal with ini-
tial 2:1 ratio between ilmenite and hematite (x ≈ 0.67) crystallized 
in highly differentiated Fe-Ti-rich mafic magma at the temperatures 
between 1,050° and 1,150 °C and fO2 of 10−6–10−8 bar. At this point, 
the constituting ions Ti4+, Fe3+ and Fe2+ are randomly distributed (R3¯
c) within the hosting hcp oxygen lattice. b Below 900 °C, hematite 
(R3¯c) and ilmenite (R3¯) are separated and form a characteristic inter-
layered texture along the basal planes of the structure. c With a fur-
ther decrease of temperature, the activity of oxygen present in the 
surrounding solutions is increased, causing oxidation of ferrous Fe 
from ilmenite and precipitation of rutile. Owing to fast diffusion rate 
for Fe along the c-axis, its diffusion paths serve as nucleation sites for 
the formation of rutile pillars. d With progressive oxidation, nucle-
ated rutile pillars grow laterally into the ferrian–ilmenite matrix at the 
expense of ilmenite layers, which are being dissolved. e In pneuma-
tolitic stage of crystallization, TiO2 from the surrounding solutions 
recrystallizes on the surface of the samples adopting orientations of 
the rutile pillars forming faceted, multiply twinned rutile crystals. In 
this process, some hematite is leached out and recrystallizes in form 
of Fe-oxyhydroxides in the open pores of the sample. The graphs 
illustrate f O2(T) dependence with a solid line indicating HI-RHI 
transition according to Eqs. 9 and 10; the exact fO2 is unknown
▸
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the temperatures, estimated from lattice misfits, are only 
orientational values showing merely the trends where lat-
tice matching is expected to be optimal. For more reliable 
results regarding the exsolution temperature, the depend-
ence of cell parameters versus temperature should be meas-
ured on the particular phase system.
The final stage in the development of rutile/hematite inter-
growths is epitaxial growth of the large rutile crystals on 
basal surfaces of hematite crystals. The growth of the rutile 
crystals with thick prismatic habit is related to late pneuma-
tolitic phase (Ramdohr 1969). Their orientation is controlled 
by the exposed rutile domains that extend from the interior 
of the samples. On recrystallization, {101} twin boundaries 
predominate other interfaces, including the {301} bounda-
ries (Fig. 2). This is due to the fact that {101} twin bounda-
ries are the most stable interface configuration in rutile (Lee 
et al. 1993). As the growth of these crystals is unrestrained, 
they develop crystallographic faces of the lowest surface 
energy at given p − T conditions. At the end of crystalliza-
tion, the intergrowths were exposed to superficial hydrother-
mal solutions which caused hydrolysis of hematite to form 
Fe-oxyhydroxides (Fig. 4c), indicating that the pH of the 
fluids was neutral to alkaline, while acidic conditions would 
cause rapid leaching of the Fe3+ ions from the crystals (Jans-
sen et al. 2010). The major stages in the formation of rutile/
hematite intergrowths are illustrated in Fig. 10.
Conclusions
In this work, we studied crystallographic and structural rela-
tions between exsoluted crystalline phases in rutile/hematite 
intergrowths from Mwinilunga in NW Zambia down to the 
atomic level in order to reconstruct the mechanism of their 
formation. In the correlation with extensive literature data 
on phase relations, oxidation reactions, exsolution processes 
and diffusivities in the FeO–TiO2–Fe2O3 ternary system, 
all observed topotaxial reactions appear to be a function of 
temperature and oxygen fugacity, fO2. While the tempera-
ture was shown to act as the main trigger of phase transfor-
mations, fO2 is responsible for redox reactions, such as oxi-
dation of ferrous → ferric iron, which consequently triggers 
exsolution of rutile. Reconstructed transformation mecha-
nism of Mwinilunga intergrowths comprises five distinctive 
stages, starting from their formation (see Fig. 10):
(1) The rutile-to-hematite ratio of ~1:1 suggests that the com-
position of the primary ferrian–ilmenite (ss) crystals with 







was Ilm0.67Hem0.33. Crystals in this composition range 
nucleate at high temperatures (1,050–1,150 °C; Ariskin 
and Barmina 1999) and low oxygen fugacities fO2 
(10−6–10−8 bar; Buddington and Lindsley 1964), typi-
cal for crystallization from highly differentiated melts 
in mafic igneous systems. Under these conditions, the 
Fe2+, Fe3+ and Ti4+ cations are randomly distributed on 
the octahedral sites and form a disordered, hematite-like 
(R3¯c) structure.
(2) Following the Ilm0.67Hem0.33 solvus, fO2 drops to 
~10−11 bar under 900 °C where our composition 
unmixes to hematite and ilmenite (McEnroe et al. 
2005). This stage is characterized by the formation of 
lamellar texture that could still be found in the fresh 
parts of our samples. Remnants of the exsolution tex-
ture strongly indicate that the primary crystals formed 
in the ilmenite–hematite solid–solution range and 
would not be present if the crystals formed below the 
rhombohedral (R3¯c → R3¯) transition temperature (e.g., 
hydrothermally grown).
(3) With further decrease of temperature, the concentration 
of Fe2+/Fe3+ and Ti4+ ions in the surrounding solutions 
is depleted, while the activity of oxygen increases to 
the point where it becomes oxidative. At this stage, 
Fe2+ from ilmenite is oxidized to Fe3+, leading to exso-
lution of rutile from the parent ferrian–ilmenite crystal. 
Owing to the high Fe-diffusivity rates along the c-axis 
(Hallström et al. 2011), the established diffusion chan-
nels serve as convenient sites for exsolution of rutile, 
forming magnificent rutile pillars. Surface oxidation 
of ferrous iron controls the rate of rutile exsolution, 
dictating its topotaxial growth in hematite matrix. As 
a result, this process equilibrium {170}H|{401}R inter-
faces are formed, leading to 144 different rutile–rutile 
intergrowths, identified by our structural analysis. The 
temperature of perfect lattice match for this particular 
interface is around 740 °C.
(4) Due to preferred diffusion of Ti along the basal planes 
of the hematite structure (Nord and Lawson 1992), the 
pillars grow in lateral direction at the expense of dis-
solving ilmenite. At the temperatures decreasing below 
600 °C, the excess iron from Fe-rich rutile lamellae 
exsolutes in form of reticulated hematite precipitates 
with {301}R|{030}H equilibrium interfaces, via the 
modulated Fe–Ti-rich transition phase of Guinier–
Preston zones (Putnis 1978).
(5) In the late pneumatolitic stage, accompanied by weak dis-
solution of hematite, rutile recrystallizes on the surface of 
the samples in form of well-developed crystals adopting 
the orientation of exposed rutile domains from the interior 
of the samples. Here, {101}-twin boundaries are dominat-
ing over other possible rutile–rutile interfaces.
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